The transforming growth factor b (TGFb) superfamily includes bone morphogenetic proteins, activins and TGF-b sensu stricto (s.s.). These ligands have been shown to play a key role in numerous biological processes including early embryonic development and immune regulation. They transduce their signal through a hetromeric complex of type I and type II receptors. Such receptors have been identified in ecdysozoans but none have been found as yet in the other major protostomal clade, the lophotrochozoans. Here, we report the identification of the first lophotrochozoan TGFb s.s. type I receptor (Cg-TGFbRI) from the mollusk Crassostrea gigas. The phylogenetic and structural analyses as well as the expression pattern during early development suggest Cg-TGFbRI to belong to the TGFb s.s./activin type I receptor clade and functional studies corroborate these deductions. The use of the zebrafish embryo as a reporter organism reveals that either Cg-TGFbRI or its dominant negative acting truncated form, when overexpressed during gastrulation, resulted in a range of phenotypes displaying severe disturbance of anterioposterior patterning due to a strong modulation of ventrolateral mesoderm patterning. Finally, a Cg-TGFbRI cytokine activity during immune regulation in C. gigas has been investigated by real-time PCR in haemocytes and mantle edge during an in vivo bacterial LPS challenge. One piece of evidence from this study suggests that the molecular mechanisms controlling mesodermal patterning and some immune regulations across all bilateria could be conserved through a functional TGF-b s.s. pathway in lophotrochozoans.
Introduction
The transforming growth factor b (TGFb) superfamily of ligands transduce signals through heteromeric complexes of ligand specific type I and II serine/threonine kinase receptors . Type II receptors are capable of binding ligand dimers alone while type I receptors can only bind ligand in cooperation with type II receptors. Ligand binding induces the formation of a heterotetra-complex in which the two type II receptors unidirectionally transphosphorylate a dimer of type I receptors. Activated type I receptors in turn catalyse phosphorylation of receptor substrates, Smads, that move to the nucleus to associate with transcriptional co-activators in order to regulate transcription of target genes (Massague and Wotton, 2000) .
The TGFb superfamily includes bone morphogenic proteins (BMPs), activins and TGFb sensu stricto (s.s.) among its members. While these ligands share many structural similarities they have been ascribed very diverse functions, at least in vertebrates. BMPs (Massague, 2000; Patterson and Padgett, 2000; ten Dijke et al., 2002) . These ligands, their receptors and down stream signalling molecules have been described in many vertebrates as well as nematodes and arthropods although little is known about what role, if any, these molecules play in lophotrochozoans. Genes and transcripts encoding TGFb s.s. have, as yet, only ever been identified in vertebrates (see Herpin et al. (2004) for review). Extensive studies in mammals indicate that members of the TGFb s.s family are immuno-inhibitory cytokines that also play an important role in wound repair and angiogenesis (Cromack et al., 1991; Ogawa et al., 1991; Quaglino et al., 1990) . While a gene encoding any cytokine has yet to be cloned from invertebrates, cytokine-like molecules that stimulate cell migration, anti-bacterial phagocytic activity and the production of nitric oxide synthase have been reported in phagocytic haemocytes from a number of invertebrates including mollusks (Franchini et al., 1996; Franchini and Ottaviani, 2000; Hughes et al., 1990) . Molluscan haemocytes have also been reported to respond to bacterial lipopolysaccharides (LPS) in a fashion similar to vertebrate monocyte/macrophages (Hughes et al., 1991; Tafalla et al., 2003) .
As part of an ongoing project to understand the role of the TGFb superfamily ligands, their receptors and signal transduction pathways in the bivalve mollusk Crassostrea gigas, we have cloned, among other molecules, a cDNA encoding type I activin (Herpin et al., 2002) . In this paper, we describe the cloning and 'indirect' functional characterization of the TGFb s.s. type I receptor (Cg-TGFbR1). We have examined the effect of expressing the receptor on mesodermal patterning in newly fertilized zebrafish embryos and observed the induction of Cg-TGFbR1 after inoculating adult oysters with bacterial LPS. On the basis of these results, we propose that a functional TGFb s.s. signalling pathway may exist in oysters.
Results

Cloning of a type I TGFb s.s. receptor from the lophotrochozoan C. gigas
A full length 1918 base pair cDNA clone with an open reading frame encoding a 514 amino acid long protein with strong homology to vertebrate TGFb s.s. (Fig. 1 ) was isolated from a C. gigas mantle edge library (GenBank accession number AJ427419). The predicted amino acid sequence contained a number of features characteristic of type I TGFb s.s. receptors (Massague and Weis-Garcia, 1996) . The extracellular domain contained 10 predictably spaced cysteine residues, three of which formed a characteristic CCX 5 C knot near the transmembrane region (Wrana et al., 1994a) . The intracellular region was highly conserved when compared to its deuterostome orthologues (Souchelnytskyi et al., 1996; ten Dijke et al., 1996; Wrana et al., 1994a) . Immediately preceding the protein kinase domain is the SGSGSG signature and it's regulatory leucine-proline motif, a unique trait of TGFb superfamily type I receptors that is phosphorylated by type II receptors (Chen et al., 1997; Wrana et al., 1994b) . The sequence of the Cg-TGFbR1 L45 loop, a motif that determines the Smad protein specificity of type I receptors (Chen et al., 1998) , matched perfectly with the consensus motif of vertebrate TGFb s.s. type I receptors (ADNKDNGTW). This structurally establishes membership of Cg-TGFbR1 to the TGFb s.s. type I receptor family.
The Cg-TGFbR1 gene contains 10 exons with sizes ranging from 96 to 448 bp and 9 introns with sizes from 332 bases to more than 2 kb, for a total length of almost 10 kb (Fig. 1) . The intron-exon organization as well as the high level of phase conservation across species (data not shown) reflects the modular structure of TGFb receptors and suggests Cg-TGFbR1 to be an oyster orthologue of vertebrate type I TGFb receptors.
A phylogenetic tree was generated using the complete inferred protein sequence of Cg-TGFbR1 together with members of the TGFb superfamily from both protostomes and deuterostomes (Fig. 2) . The tree revealed three separate clusters containing BMP, activin and TGFb s.s. type I receptors. Cg-TGFbR1 clustered at the root of a TGFbR1 s.s. clade and showed 57% identity with Mouse TGFbR1 (AAA80265), 56% identity with Takifugu TGFbR1 (AAC34382) and 52% identity with Drosophila AtrI (A55921). When compared with the C. gigas activin type I receptor Cg-ALR1 (Herpin et al., 2002) , sequence identity dropped to 40%.
Expression pattern of Cg-TGFbR1 during early embryogenesis and in adults
The early origin and high degree of conservation of these receptors during animal evolution suggest that they likely regulate key biological processes common to most bilaterians (Herpin et al., 2004) . To gain an insight into possible physiological role of Cg-TGFbR1, we determined the relative temporal and spatial distribution of its transcript (Fig. 3A,B) . Real time quantitative PCR was performed using RNA samples from adult tissues including male and female gonads at different stages (Stage I: initiation of the reproductive cycle, Stage II: maturation stage, Stage IIIA: mature gonad), as well as various stages of embryonic and larval development. Cg-TGFbR1 transcripts were expressed only at moderate and relatively constant levels (around 0.2-0.3 copies for one copy of GAPDH) in exhaustively all adult tissues. Although Cg-TGFbR1 transcripts were detected at reasonable levels (around 0.1 copy for one copy of GAPDH) in male and female empty gonad stages I and II, interestingly, about 6-fold this basal level was specifically expressed in female stage III during oocyte final maturation period. Subsequently an even more marked 14-fold expression peak was observed in germ cells immediately after spawning. Afterwards, Cg-TGFbR1 expression was maintained until late gastrula stage, and steadily dropped during trochophore larvae transition stage. Then, for D larvae, 7 and 14 days post-fertilisation (dpf) and pediveliger larvae transcript expression levels were back to the basal state (0.1-0.2 relative to GAPDH) until metamorphosis stage for which expression was for all that twice the average in adult tissues. Graphical representation of the phylogenetic relationship between members of the TGFb type 1 receptor family. The tree was generated using a CLUSTAL X alignment. From this alignment, a distance based phylogenetic tree was constructed using the minimum evolution method of the PAUP package. The percentage recovery of the branch in 1000 bootstrap replication is indicated. Cg-ALR1 Crassostrea gigas (AJ309316), Cg-TGFbR1 C. gigas (AJ544074),
Rattus norvegicus (NP_036907), STKR1 Takifugu rubripes (AAC34382).
Expression of Cg-TGFbR1 transduces a TGFb/activin like signal during zebrafish early development
In order to determine if Cg-TGFbR1 was capable of functioning in a way similar to its vertebrate orthologues we injected capped mRNA encoding Cg-TGFbR1 into newly fertilized zebrafish embryos. Specifically, we wished to determine if expression of this molecule was able to perturb the TGFb s.s. ligand-receptor-Smad pathway during embryogenesis. Expression of Cg-TGFbR1 in this reporter system resulted in a dose dependant range of mild anterior defects (Fig. 4A,B) , including, for some, the lack of one or both otic vesicles (Fig. 4B ). These phenotypes were always coupled with posterior defects that, again, increased in severity in a dose-dependent manner. Whole-mount in situ hybridisation using two mesodermal molecular markers, the anteroaxial gsc marker (Thisse et al., 1994) and the tbx6 ventrolateral marker (Hug et al., 1997) was used to correlate defective gastrulation with these phenotypes (Fig. 5) .
Expression of Cg-TGFbR1 resulted in a consistent low level increase in gsc expression at the gastrula stage (Fig. 5E ), particularly in lateral regions of the embryo (Fig. 5F ). In contrast, dorsal expression of tbx6 was strongly enhanced (Fig. 5G ) and appeared in some cases to cover most of the embryo (Fig. 5H) .
Expression of a truncated version of Cg-TGFbR1 (DN-CgTGFbR1), resulted in a concentration dependent increase in the severity of posterior defects (Fig. 4C,D) . gsc expression was reduced in the dorsal region and in some cases expressed at low levels in ventrolateral regions (Fig. 5I,J) . tbx6 expression was reduced and confined to the ventral region in comparison to control embryos (Fig. 5K,L) .
Real time PCR analysis of Cg-TGFbR1 expression after a challenge with bacterial LPS in vivo
In vertebrate TGF-b sensu stricto and its cognate receptors are important regulators of host defence mechanisms. To investigate for the possible involvement of Cg-TGFbR1 in immune control in oysters, expression of Cg-TGFbR1 was monitored by real time RT-PCR in mantle edge tissue and haemocytes at different times after an in vivo bacterial LPS challenge (Fig. 6) . The transcript level in the mantle edge of the LPS stimulated oysters was significantly higher than that of the PBS injected control group at 3, 6 and 9 h after injection (Fig. 6A) . When the transcript level of Cg-TGFbR1 was measured in other oyster tissues including the labial palps, gills, muscle and digestive gland, no significant changes in transcript levels above background were observed as a result of LPS injection (data not shown). Interestingly, Cg-TGFbR1 transcript levels doubled in haemocytes at 9 h after LPS injection but this increase was not statistically significant (Fig. 6B) . 
Discussion
Based on sequence similarities, the TGFb superfamily can be subdivided into three main groups: TGFb s.s., activins and BMPs. Although these three families have been extensively studied in deuterostomes (see Massague (2000) for review), until recently, the only protostomian representatives of the TGFb superfamily, the BMP and activinrelated proteins, have been cloned from ecdysozoans such as Drosophila (Brummel et al., 1994; Letsou et al., 1995) and there has been no strong evidence to suggest a TGFb s.s. pathway exists in protostomes. One piece of evidence from this study may suggest, however, that the Cg-TGFbR1 gene of the bivalve mollusc C. gigas encodes a TGFb s.s. type I receptor. The intracellular L45 loop defines the Smad specificity of type I receptors and by extension the family to which a receptor belongs (Chen et al., 1998) . The amino acid sequence of the L45 loop of Cg-TGFbR1 is completely conserved when compared to the canonical structure of L45 loops that interact with Smads 2 and 3. These Smad subfamilies confer TGFb s.s. pathway specificity in deuterostomes. In addition, phylogenetic analyses shows Cg-TGFbR1 to cluster with TGFbR1 orthologues from deuterostomes again suggesting that this protein can be assigned to the TGFb s.s. type I receptor family. By clustering at the base of the TGFb s.s. clade, CgTGFbR1 represents, thus far, the most ancient TGFb s.s. type I receptor described in bilaterians. Thus, the possible presence of a complete repertoire of TGFb superfamily receptors in a lophotrochozoan organism suggests that the gene duplication events that gave rise to the three subfamilies probably predate the protostome/deuterostome split.
In order to help determine what possible functional role(s) Cg-TGFbR1 plays, expression levels of the gene at different developmental stages and adult tissues were monitored by quantitative real time reverse transcription PCR. A gradual accumulation of Cg-TGFbR1 transcripts was observed during the maturation of the gonad-up to 14-fold the basal level during oocyte final maturationsuggesting that Cg-TGFbR1 transcript accumulation in germ cells may be maternally derived in the newly fertilised embryo. Also striking is Cg-TGFbR1 expression (2-fold the basal expression level) during metamorphosis. These two peaks of Cg-TGFbR1 mRNA occur at the time of the two major organo-morphogenetic events occurring during lophotrochozoan larval development, early morphogenesis and metamorphosis (Freeman, 1992) . This suggests a role for Cg-TGFbR1 similar to that played by its vertebrate orthologue counterparts in body patterning (Aoki et al., 2002a; Roelen et al., 1998) . In addition, unlike the C. gigas activin type I receptor (Cg-ALR1) homologue expressed at high levels in all adult tissues and organs examined (Herpin et al., 2002) , Cg-TGFbR1, if detected as well in all adult anlages, is persistently weakly expressed. Thus, Cg-TGFbR1 may not play such primordial pleiotropic role in adult tissues as Cg-ALR1.
In order to determine if Cg-TGFbR1 was functionally capable of playing a role in early embryonic development we used a zebrafish model in which to express the protein.
When either the endogenous Danio rerio TGFb s.s. type I receptor TbRI TARAM-A (Renucci et al., 1996) or the mouse activin type I receptors ActRIA and ActRIB (de Vries et al., 1996) were expressed in zebrafish embryos, there was a duplication of anterior structures. In contrast, although expression of Cg-TGFbR1 resulted in a range of phenotypes displaying severe disturbances of the anteroposterior axis, no duplication of anterior structures was observed. To further define the nature of the Cg-TGFbR1-induced anteroposterior axis disturbance we examined the expression of two genes; gsc, a dorsal mesoderm marker and tbx6, a ventrolateral mesodermal marker. Cg-TGFbR1, like its zebrafish orthologue TARAM-A (Aoki et al., 2002b; Renucci et al., 1996) , induced gsc expression during gastrulation. These results also complement those of de Vries et al. (1996) who expressed mouse orthologues of TGFb s.s. and activin type I receptors in zebrafish embryos. Expression of Cg-TGFbR1 resulted in tbx6 expression being strongly induced across the whole embryo suggesting the strong induction of ventrolateral mesoderm. Expression of the truncated form of Cg-TGFbR1 (DN-Cg-TGFbR1) resulted in the production of a range of dorsalized phenotypes with diminished gsc and tbx6 expression. This is congruent with DN-Cg-TGFbR1 dominant negative activity.
The phenotypes observed when Cg-TGFbR1 was expressed in zebrafish embryos are similar to those we have observed with the oyster type I activin receptor Cg-ALR1 (unpublished results). The expression pattern of tbx6 was, however, slightly different. Cg-ALR1 expression appeared to be repressed in the area of the dorsal mesoderm while Cg-TGFbR1 appeared to be greatly enhanced. Though Cg-TGFbR1 and Cg-ALR1 may overlap functionally, these results suggest the possibility of separate TGFb s.s. and activin signal transduction pathways. What remains to be determined is whether the ligand interacting with CgTGFbR1 is a true TGFb s.s. orthologue or, in fact, an activin orthologue. Such receptor promiscuity has been noted by others (Brummel et al., 1994 (Brummel et al., , 1999 Estevez et al., 1993; Gilboa et al., 2000) ; however, a phylogenetically related TGF-b s.s. ligand has recently been characterized in the oyster C. gigas (Herpin et al., 2004) .
In vertebrates, one of the specific features of TGF-b s.s. pathway is to coordinate immune responses. To test for a possible similar function in oysters, we studied the expression of Cg-TGFbR1 gene in oyster injected with bacterial LPS, a mixture assumed to mimic bacterial infection. Interestingly, no significant change in gene expression was noticed in haemocytes, considered as the main immune cells in molluscs (Cheng, 1996) . In contrast, a marked increase in Cg-TGFbR1 expression was observed in mantle edge tissues. As mantle edge tissues constitute the fist barrier between the environment and the animal, the response to LPS injection likely reflects a reaction aimed to prevent further invasion of the animal by pathogens for instance by secreting extracellular matrix components, a specific activity of this tissue. That mantle edge is involved in immune homeostasis in oysters is also supported by the recent characterization of a putative antibacterial peptide specifically expressed in this tissue (unpublished results). As yet, a firm conclusion about the involvement of Cg-TGFbR1 in immune regulation awaits the identification of its cognate ligand and the expression of this ligand in response to endogenous and exogenous insults.
Materials and methods
Cloning of a TGFb type I receptor cDNA from C. gigas
Total RNA was extracted from metamorphosing larvae of C. gigas using the method of Chomczynski and Sacchi (1987) . mRNA was isolated from this preparation using oligo(dT) 30 polystyrene/latex beads (Qiagen) according to the manufacturer's protocol. Reverse transcription of 1 mg mRNA by oligo(dT) 18 priming was carried out using M-MLV reverse transcriptase (Promega). Two oligonucleotide primers were designed to anneal to transcripts encoding conserved regions VI (KPAI/MA/SHRD) and VIII (GTKRYMAPE) (Hanks et al., 1988) 0 . PCR was performed in a total volume of 100 ml buffer containing 50 ng of first strand cDNA, 0.2 mM each dNTP, 1 mM of each primer, 1.5 mM MgCl 2 and 1 U of Goldstar Taq DNA polymerase (Eurogentec). The PCR parameters used were: an initial denaturation step of 94 8C for 2 min followed by 40 cycles of 94 8C for 60 s, 51 8C for 60 s and 72 8C for 90 s. In addition, an extension step at 72 8C for 5 min was added at the end of the last cycle. The 5 0 and 3 0 ends of transcripts were identified by PCR performed as above except for the use of a C. gigas mantle edge cDNA library (Lelong et al., 2000) as template and gene specific and vector (T3 or T7) specific oligonucleotides as primers. PCR products were analysed by electrophoresis through a 1.5% (w/v) non-denaturing agarose gel. Fragments of expected sizes were excised and gel extracted using a Qiagen Kit, subcloned into pGEM-T easy using a TA cloning kit (Promega) and sequenced using ABI cycle sequencing chemistry.
Intron-exon structure of the gene encoding Cg-TGFbR1
A C. gigas genomic library was constructed in lDASH II (Stratagene). A total of 1.8!10 6 -independent clones were recovered. After amplification to 4.5!10 10 pfu/ml, a total of 2.5!10 5 recombinant phages were screened at high stringency with digoxigenin-11-dUTP labelled probes encoding full length Cg-TGFbR1 cDNA. Unique clones containing the Cg-TGFbR1 gene were nucleotide sequenced and the intron-exon structures of the genes determined by comparing the genomic sequence with the cDNA sequence.
Phylogenetic analysis
For phylogenetic analyses, TGFb superfamily receptor protein sequences were chosen to represent a range of family and superfamily members from both protostomes and deuterostomes. The sequences were aligned using Clustal X version 1.81 and by manual inspection. From these alignments, distance based phylogenetic trees were constructed using the minimum evolution method of the PAUP (Phylogenetic Analysis Using Parsimony) package version 4.0b4a. One thousand bootstrap trials were run using the neighbour-joining algorithm for each node.
Real time RT-PCR analysis of Cg-TGFbR1 transcript levels
Total RNA from various tissues and developmental stages was isolated using Tri-Reagent according to the manufacturers instructions (Sigma-Aldrich). After treatment with 10 U of DNase I (Promega) to prevent genomic DNA contamination, 1 mg DNase treated total RNA was reversed transcribed using 100 ng random hexanucleotidic primers (Promega) and 4 U Omniscript RT (Quiagen) for 1 h at 37 8C. The reaction was stopped by incubation at 70 8C for 10 min. Real time PCR was carried out using the iCycler iQ Real Time PCR detection system (Bio-Rad). The sequences of the gene specific primers were as follows: TGFbR1 5 0 ttaccagctgccgttctatg 3 0 and TGFbR1 5 0 cttcaaactctcaatggtctgc 3 0 . Twenty five nanograms of reverse-transcribed total RNA were used as the template in each amplification reaction that included 0.2 mM primers and QuantiTect SYBR Green PCR kit (Quiagen) which was used for real time monitoring of amplification (50 ng template cDNA, 40 cycles: 95 8C/15 s, 60 8C/15 s). The PCR conditions used were a denaturation step at 95 8C for 15 min followed by 45 cycles of 15 s at 95 8C and 45 s at 60 8C. Parallel amplification of oyster GAPDH transcript (EMBL CGI548886) was carried out to normalize the expression data of the receptor transcript. The sequences of the GADPH primers were QsGAPDH: 5 0 ttgtcttgcccctcttgc 3 0 and QaGAPDH 5 0 cgccaatccttgttgctt 3 0 . Relative quantification was calculated by the ratio of 2 with Ct as threshold cycle of each transcript. Statistical analyses were validated by a Student's t-test. 4.5. Zebrafish maintenance and preparation of eggs TAB zebrafish were raised and maintained on a light/ dark cycle essentially as described by Westerfield (1989) . Synchronised eggs were obtained by mixing previously separated female and male fish at a ratio of 2:1. Eggs were then collected as described by Culp et al. (1991) . Selfdigested Pronase E (Sigma) at 0.5 mg/ml was used to remove the egg chorion. The reaction was stopped by removing the enzyme and then transferring the eggs into Holtfreter's solution (85 mM NaCl, 1 mM KCl, 1 mM CaCl 2 and 3.5 mM NaHCO 3 ) and rinsing.
Microinjections
Initially, a full length cDNA encoding Cg-TGFbR1 was subcloned into the plasmid pRN3 (Lemaire et al., 1995) . Truncated copies of Cg-TGFbR1 were obtained by inserting a stop codon either immediately up-or downstream of the sequence encoding the transmembrane domain. Capped synthetic mRNA encoding both full length and truncated proteins were transcribed in vitro using the Stratagene mCAP RNA capping kit and linearized plasmids as templates. The capped mRNAs were dissolved in RNAsefree 0.2 M KCl containing 0.5% phenol red for injection. The mRNA was injected into the cytoplasm of a single-cell embryo. After injection, embryos were transferred into 24-well tissue culture plates containing Holtfreter's solution (5-7 embryos per well) and incubated at 28 8C for 24-30 h then examined by microscopy for phenotype analysis. Unfertilised eggs were removed after 4 h. Alternatively, embryos were fixed for in situ hybridization at 80% epiboly. Uninjected and control embryos injected with 0.2 M KCl were analysed under the same conditions. For all in situ hybridisations and phenotype analyses at least 80-100 embryos were analysed for every concentration of mRNA injected.
Whole-mount in situ hybridization. Anti-sense probes were transcribed in vitro and labelled using digoxigeninlabelled UTP (Roche). The anteroaxial goosecoid (gsc) mesodermal marker (Thisse et al., 1994) , and the ventrolateral tbx6 mesodermal marker (Hug et al., 1997) were used as probes. Whole-mount staining of embryos was performed as described by Rissi et al. (1995) .
Immune challenge
Animals were injected either with 100 ml of PBS (control) or 100 mg (100 ml) of Escherichia coli 026:B6 LPS (Sigma-Aldrich) into the posterior adductor muscle, through a hole drilled in the shell. Prior to and after injection, animal were placed in sea water (12 8C). At various time points after injection (3, 6, and 9 h), the haemocytes and mantle edge tissue of four animals were dissected and stored at K80 8C for total RNA extraction at a later time.
